The significance of Soret, Hall and Ion-slip effects on mixed convection flow of an electrically conducting Casson fluid in a vertical channel in the presence of viscous dissipation is analyzed. The system of flow governing equations are converted into the system of non-dimensional equations using appropriate nondimensional transformations and hence solved analytically by homotopy analysis method. A quantitative comparison is made between homotopy analysis method and Adomian decomposition method and the results are found to be in good agreement. The dimensionless velocity, temperature and species concentration profiles are illustrated graphically and quantitatively with special focus on the Casson fluid, Soret, viscous dissipation, Hall and Ion-slip parameters.
Introduction
In view of the broad range of applications such as lubrication system, polymer processing, chemical processing equipment, hydrodynamical machines, ventilation of buildings, electronic equipment, etc., the investigation of combined free convection and forced convection heat transfer and fluid momentum between two parallel plates has been regarded as one of the most important research topic. Tao [1] presented combined free convection and forced convection of a fully developed flow in vertical channel with or with out heat generation. Barletta [2] discussed the mixed convection flow in a parallel plates vertical channel with viscous dissipation effect. Several studies have been undertaken in the field of fluid flow and heat transfer between parallel plates. The flow and heat transfer of Newtonian and non-Newtonian fluids between two parallel plates are investigated by many researchers under various physical conditions [3] [4] [5] [6] [7] [8] [9] .
With the emergent importance of non-Newtonian fluids in recent industries and technology, mathematical modeling of non-Newtonian fluid flows and their understanding are of both fundamental and practical significance. The most important non-Newtonian fluid, possessing a yield value below which no flow occurs and a zero viscosity at an infinite rate of shear, is the Casson Fluid, which has significant applications in polymer processing industries and biomechanics. The examples of Casson fluid are of the type are as follows: jelly, tomato sauce, honey, soup, concentrated fruit juices, etc. The constitutive equation of Casson fluid [10] represents a nonlinear relationship between stress and rate of strain. These fluids have been found to be accurately applicable to silicon suspensions, suspensions of bentonite in water and lithographic varnishes used for printing inks. The flow or/and heat transfer of a Casson fluid about different geometries have been reported by several researchers [11] [12] [13] [14] [15] [16] [17] . Further, at low shear rates when blood flows through small vessels, the blood flow is described by the Casson fluid model (McDonald [18] ; Shaw et al. [19] ). Mukhopadhyay [20] found that temperature increases with an increase in nonlinear stretching parameter and the momentum boundary layer thickness decreases with an increase in Casson parameter. The cross-diffusion effects on the stagnation-point flow of a non-Newtonian Casson fluid over a stretching sheet is investigated by Kameswaran et al. [21] .
In recent times, due to increasing industrial applications, the flows involving thermal diffusion in nonNewtonian fluids grab significant attention of modern day researchers. In an initial homogeneous mixture, the growth of species differentiation subjected to a gradient of temperature is called Soret (or thermal-diffusion) effect.
For example, Soret effect can be significant when species are introduced at a surface in fluid domain, with a density lower than the surrounding fluid. Eckert and Drake [22] have pointed out that in a convective fluid one cannot neglect the thermal-diffusion effect when the flow of mass is caused by a temperature difference, owing to its practical application such as hydrology, petrology, geosciences, etc. Dursunkaya and Worek [23] studied transient and steady natural convection from a vertical surface with diffusionthermo and thermal-diffusion effects. Srinivasacharya and co-authors [24] [25] [26] (also see the citations therein) reported effect of Soret on convective boundary layer flow of various fluids by considering different surface geometries like vertical channel, vertical wavy surface and vertical plate.
Several researchers combined the MHD flow problems with Hall effect due to the reason that, when the strength of the magnetic field is strong, one cannot neglect the Hall current effect. The current component which flows in the direction mutually perpendicular to both the electric and magnetic induction fields is termed as the Hall current. Tani [27] considered the Hall effects on the steady motion of electrically conducting viscous fluid in channels. Influence of Hall and ion-slip in magneto hydrodynamic Couette flow with heat trasfer has been discussed by Soundalgekar et al. [28] . The significant analysis regarding the Ion-slip and Hall effects in non-Newtonian fluids, one can refer the works of Srinivasacharya and Mekonnen [29] [30] [31] . Influence of Hall and Ion-slip effects on fully developed mixed convection flow of couple stress fluid between parallel disks has been presented by Srinivasacharya and Kaladhar [32] . By considering a vertical porous channel, Garg et al. [33] examined the Hall effect in a electrically conducting viscoelastic fluid through a porous medium.
The aim of the present article is to investigate the combined effect of Soret and viscous dissipation on steady mixed convective flow of an electrically conducting Casson fluid in a vertical channel in the presence of Hall and Ion-slip parameters. This mathematical model may be helpful for possible technological applications in liquidbased systems involving materials. The Homotopy Analysis Method (HAM) is employed to solve the governing nonlinear equations. To assess the accuracy of our method, the solution is compared with the analytical solution obtained by Adomian decomposition method. The behavior of flow characteristics with pertinent flow parameters is discussed.
Formulation of the problem
Consider the steady, laminar and incompressible mixed convection flow of an electrically conducting Casson fluid between two vertical plates of distant 2d apart. Choose the coordinate system such that x-axis be taken along vertically upward direction through the central line of the channel, y-axis is perpendicular to the plates and the two plates infinitely extended in the direction of x and z as shown in the flow configuration Fig. 1 . The plate at distance −d is maintained at a constant temperature and concentration T 1 and C 1 , while the plate at d at a constant temperature and concentration T 2 and C 2 . In comparison with the applied magnetic field, the induced magnetic field can be neglected on the assume that the magnetic Reynolds number is very small and the flow is steady and imposition of uniform pressure gradient in the direction of x. The effect of Ion-slip and Hall current gives rise to force in the z-direction, which induces a cross flow in that direction and hence the flow becomes three dimensional. By employing the Boussinesq and the standard boundary layer approximations, and making use of the above assumptions, the governing equations of mixed convection flow of an electrically conducting Casson fluid in the presence of viscous dissipation and Soret effects are given by ∂v ∂y
where u, v and w are velocity components along the x, y and z directions respectively, C p is the specific heat capacity, μ is the coefficient of viscosity, ρ is the density, g is the acceleration due to gravity, σ is the electrical conductivity, B 0 is the magnetic field applied normal to the surface, K T is the thermal diffusion ratio, β h is Hall parameter, β i is ion-slip parameter, α e = 1+ β h β i is a constant, and β T and β C are the coefficients of thermal and solutal expansion, k is the coefficient of thermal conductivity, α is the thermal diffusivity, D is the mass diffusivity and T m is the mean fluid temperature. The fluid velocity vector q = (u; v) is assumed to be parallel to the x-axis, so that only the The boundary conditions are:
Introducing the following transformations
in Eqs. (1) - (5), we get the following system of nonlinear differential equations
where the prime indicate differentiation with respect to
is the Brinkman number
is the Soret number.
Boundary conditions (6) in terms of U, W, θ and ϕ become
The results of practical interest are the nondimensional skin friction C f Re = 2 1 + 1 β U (±1), the heat transfer rate Nu = −θ (±1), the mass transfer rate Sh = −ϕ (±1).
Adomian Decomposition Method(ADM) for the solution of the problem
The analytical solution of Eqs. (8) - (11) is given by the following (For more details of ADM, see Hakeri Askia et al. [34] ) 
The Homotopy Analysis Method(HAM) for the solution of the problem
In order to start any iterative solution, we have to choose the initial profiles of U(η), W(η), θ(η) and ϕ(η), and hence the initial profiles are taken as follows (For more details on homotopy analysis method and it's efficient features, the readers can refer the works of Liao [35] - [37] ):
and choose the auxiliary linear operators:
such that
where c i (i = 1, 2, ..., 8) are constants.
Since the non-zero convergence control parameters h i , i = 1, 2, 3, 4 are introduced in zeroth-order deformation of the problem, the convergence and the rate of approximation for the HAM solution strongly depend on the values of auxiliary parameter h. Hence the non-linear operators N i , i = 1, 2, 3, 4, the optimal values of h i , i = 1, 2, 3, 4 at different order of approximations (see article by Liao [35] and [37] ) and the average residual errors of U(η), W(η), θ(η) and ϕ(η) are examined clearly as Table 2 , we see that the average residual error for U is minimum at h 1 = −0.37. Table 3 shows that the minimum of average residual error for W attains at h 2 = −0.59. Table 4 depicts that at h 3 = −1.06, E θ attains minimum. The average value of E ϕ is minimum for h 4 = −0.83 as illustrated in Table 5 . Therefore, the optimum values of convergence control parameters are taken as h 1 = −0.37, h 2 = −0.59, h 3 = −1.06 and h 4 = −0.83. In order to asses the accuracy of our results, the accuracy between the solutions of the problem obtained by both Homotopy Analysis Method (HAM) for 18 th order and Adomian Decomposition Method (ADM) for 8 th order is presented in Tab. 1 and the results are found to be in very good agreement. 
Results and discussion
The results of non-dimensional skin friction, Nusselt and Sherwood numbers at both the walls have been computed and illustrated graphically using the homotopy Figure 4 (a) reveals that, in the presence of both opposing and aiding flow situations, the skin friction coefficient enhances at left wall of the channel (i.e., surface at y = −d) and diminishes at right wall (i.e., surface at y = d) with increase in magnetic parameter Ha. Moreover, with rise in Casson parameter β, the skin friction coefficient show the same trend at both left and right walls of the channel. It is found that Newtonian fluid (β → ∞) has less friction with wall compared to that of Casson fluid (β ∞) which is due to viscosity effects. In Fig. 4(b) for opposing and aiding flow cases, as the Casson parameter β increases, the heat transfer rate decreases at left wall and the opposite is true at right wall. With increase in magnetic parameter Ha, the heat transfer rate increases at left wall and decreases at right wall of the channel. Figure 4 (c) illustrates that at right wall of the channel, the mass transfer rate increases with rise of magnetic parameter Ha and decreases with rise in Casson parameter β, whereas the opposite trend is observed at the left wall of the channel.
The effect of Hall parameter β h and Ion-slip parameter β i on non-dimensional skin friction coefficient, heat and mass transfer rates against mixed convection parameter are plotted in Figs. 5(a)-5(c) . Figure 5 (a) exhibits that for both opposing and aiding flow cases, the skin friction coefficient decreases at the left wall and increases at the right wall with sequential increase in Hall and Ion-slip parameters. Figure 5 (b) reveals that as Hall and Ion-slip parameters rises consecutively, the heat transfer rate shows opposite trend at both left and right walls in both opposing and aiding flow situations. Figure 5 (c) portrays that for both opposing and aiding flow cases, the mass transfer rate enhances at the left wall and diminish at the right wall with increase of Hall and Ion-slip parameters.
The influence of Soret parameter Sr and Brinkman parameter Br on non-dimensional skin friction coefficient, heat and mass transfer rates against mixed convection parameter are displayed in Figs. 6(a)-6(c). From Fig. 6(a) , we perceive that as Soret and Brinkman parameters increases, the skin friction coefficient show reverse trend in opposing and aiding flow situations at both walls of the channel. Increasing the values of Casson fluid parameter, enhanced the surface shear stress at both the walls of the channel, diminished the heat transfer rate at left wall but enhanced at right wall of the channel whereas, the opposite trend is found in the case of mass transfer rate. -In aiding and opposing flow situations, with an increase of magnetic parameter the skin friction coefficient and heat transfer rate are enhanced but mass transfer rate is diminished at the left wall whereas, it shown reverse trend at the right wall. -As Hall and Ion slip parameter rise, it is found that the mass transfer rate is enhanced, skin friction coefficient and heat transfer rate are decreased at the left wall and depicted the opposite trend at the right wall for both aiding and opposing flows. -
The non-dimensional skin friction and heat transfer rate shown opposite trend in both opposing and aiding flows with the increase of Soret and Brinkman numbers. Further, the mass transfer rate displayed reverse trend at left and right walls for opposing and aiding flows.
